Laser conditioning is an effective method to improve the laser damage threshold of HfO 2 /SiO 2 multilayer films prepared by electron beam evaporation. In this paper, some parameters that can affect the efficiency of laser conditioning were discussed. The result is that the maximum conditioning fluence should be less than 90% of its unconditioned laser induced damage threshold (LIDT) to avoid damage to the film. The laser beam increment between pulses and laser conditioning steps has a great influence on the improvement of damage threshold of HfO 2 /SiO 2 multilayer high reflective coatings. The coverage of the light intensity on the defect should be as wide as possible, and the irradiation of light intensity should be as high as possible. The main mechanisms of laser conditioning of HfO 2 /SiO 2 multilayer high reflective coatings may be the removal of Hf, Si and O ions and the removal of the defects in the films.
aperture optical components in the existing conditions is still not significantly improved. Laser conditioning is an effective method to improve laser damage threshold of optical coatings, by using this method, a low repeated subthreshold laser irradiation was used to repair or improve the structure defects in coatings, so as to improve of laser damage threshold of optical coatings [2] [3] [4] [5] .
The experimental results show that the damage threshold of HfO 2 /SiO 2 multilayer high reflective coating prepared by electron beam evaporation can be increased by 2 -3 times by using laser conditioning [6] [7] [8] . This also provides an essential foundation for the development of the ICF system. Although laser conditioning method has been studied for a long time, but the mechanism still does not get consensus. Previous studies concentrated on laser conditioning to remove dust and moisture in the surface of the thin film, and to remove electronic defects in the films. But people generally believed that laser conditioning mechanism has something to do with removal of nodule defects on the surface of the film. The purpose of the laser conditioning is to select appropriate laser energy to irradiate on the surface of the sample to reduce the defect density of limiting of laser damage threshold of the sample.
In this paper, we studied the laser energy coverage characteristics of optical components surface defects during laser conditioning process and analyzed the influence of laser conditioning parameters to improve the laser damage threshold of optical components. The mechanism of laser conditioning to improve the damage threshold of optical thin film components and the method of laser conditioning energy selection were discussed.
Laser Conditioning Experiment

Experimental Device
The experimental device of laser conditioning is shown in Figure 1 . The samples of HfO 2 /SiO 2 multilayer high reflective coatings were prepared by electron beam evaporation on K9 glass with a thickness of 5 mm and 50 mm diameter, and the film is G/(HL) 11 H2L/A. The conditioning laser is of the Gauss beam with an energy stability of better than 3%, a wavelength of 1064 nm, repetition rate of 10
Hz, pulse width of 7 ns, the output mode of TEM00, and the beam divergence angle of less than 25 μrad. We real time observed the surface of samples by using CCD. After focusing the lens with a focal length of 50 cm, the facula diameter is
. The spatial distribution of the laser pulse on the target surface is shown in Figure 2 . The conditioning spot scanning method is raster scanning, as shown in Figure 3 . Optical thin film damage test is in accordance with the international standard of ISO-11254 [9] , damage judgment by using CCD online observation. According to the requirements of NIF, if a single damage spot its size is less than 280 μm [10] , and the damage spot is not extended under the same energy laser irradiation, the spot is not damaged. In the process of laser conditioning, the distance between the laser beams determines the laser energy coverage characteristic of the surface of the sample. In most cases, the multi-step laser conditioning can improve the laser damage threshold of the optical components very well, when the junction intensity of front and rear spot is 90%
of the peak intensity, as shown in Figure 3 .
Experimental Methods
In the process of conditioning, the selection of laser energy should be based on the single pulse zero damage threshold E 0 or S-on-1 damage threshold E s0 of HfO 2 /SiO 2 multilayer high reflective coating. Based on E s0 , S is usually taken as 100, that is, the same laser energy is used for 100 times in the same position of the optical components. S-on-1 damage threshold E s0 compared to 1-on-1 damage threshold E 0 is much smaller because of the accumulation of micro damage of film surface. Therefore, the highest laser energy density selected for condi- Figure 3 . Depiction of raster-step laser conditioning process.
tioning is selected as 115% E s0 [11] when we used E s0 as the benchmark. But if we used E 0 as the benchmark, the highest energy density selected for conditioning
should below E 0 . In this paper, we used E 0 as the benchmark for laser conditioning the high reflectance films prepared by electron beam evaporation, and chosen different laser energy density to measure 100 points on each sample, as shown in Figure 4 . Then, we fitted the probability of damage of sample under different laser energy irradiation to obtain the zero damage threshold of the sample. After the laser conditioning, the single pulse zero damage threshold of the conditioned sample was obtained by the same damage test method.
Laser Conditioning Methods of HfO2/SiO2 High Reflective Coatings
The Maximum Laser Energy for Laser Conditioning
In order to avoid the damage of optical thin films with higher laser energy density during laser conditioning process, the highest laser conditioning energy density should be chosen in the range of safe energy density. At the same time, the laser energy density for laser conditioning should be chosen as high as possible to better eliminate or improve the defects in the film. In the experiment, a single step, four step and six step laser conditioning for different facula moving distance is carried out. The phenomenon occurring on film surface during laser conditioning process is shown in Figure 5 . It can be seen that the film surface without any changes when the laser energy density for laser conditioning is below 60%E 0 . When the laser energy density is between 60%E 0 -90%E 0 , the film surface occurs some different degree of plasma sparks, as shown in Figure 6 .
This flash is beneficial for optical film to withstand continuous or higher energy laser irradiation. Some of film surfaces after flash cannot see any changes. Some of film surfaces after flash form tens of microns of damage pits, these damage pits are more obvious nodule defect removal. When the laser energy density is above 90% E 0 , some damages will appear on the surface of some optical thin films, as shown in Figure 7 . This damage is malignant, and the damage spot continues to expand under continuous pulse laser irradiation. When the damage occurs, we should stop scanning immediately, and then skip the damage zone to continue scanning, specific scanning method can refer to article [12] . Of course,
we should try to avoid such damage in the laser conditioning process, therefore, the maximum energy for laser conditioning should not exceed 90% E 0 . Figure 7 . The plasma flash in the film and it's damaged surface morphology during laser conditioning process.
The Relationship between Conditioning Parameters and Damage Threshold
In the process of laser conditioning, besides the coating process and the energy stability of the laser, the most important factors that affect the conditioning results are the laser energy and the step number of laser conditioning and the moving distance of the facula. These parameters will determine the laser energy range irradiated on the same region of film surface, and finally affect the laser conditioning results. In this paper, six different schemes were used for laser conditioning. Scheme 1, using the four step of laser conditioning mode, the moving distance of the facula is about 0.23 mm, that is, the 90% of laser energy coverage.
The single pulse zero damage threshold of the optical coatings that we observed to analyze the mechanism of laser conditioning and select the appropriate conditioning parameters. Therefore, it is necessary to analyze whether the error of the moving spot has a great influence on the radiation intensity of defects. In this experiment, the laser beam divergence angle is 25 μrad, the distance of L between the focusing lens and the exit pupil is almost 2 m, the distance between the target and the lens is about 47 cm, and the lens focal length is almost 50 cm.
The spot offset error x caused by the directivity of the laser beam is satisfied 3 50
x Lθ = , that is, x = 3 μm. Because of the positioning precision of the laser conditioning platform is almost 0.1 μm, and the reset precision is about 1 μm.
Therefore, the total spot offset error is almost ±4 μm in the process of laser conditioning. By the intensity distribution of the Gauss beam ( ) Therefore, The light intensity variation caused by the light spot moving error has little effect on the light intensity irradiating on the defects in the process of laser conditioning (usually, the effective light intensity of repairing the defects is above 60%I 0 ). It can be seen from the analysis of the experiment results of Scheme 1, Scheme 2, Scheme 3 and Scheme 5 that the single step laser conditioning has better effect on improving the laser damage threshold than the multi-step laser conditioning under the same conditioning efficiency. The six step conditioning effect is better than the four step conditioning effect. In the paper [12] , we analyzed in detail the light intensity coverage of defects on the different facula moving distance. With 20 μm defect as an example, in scheme 1, the light intensity coverage of the defect covers 43.5% of the total light intensity; in Scheme 2, the light intensity coverage of the defect covers 52.67% of the total light intensity; in Scheme 3, the light intensity coverage of the defect covers 55.52% of the total light intensity; in Scheme 4, the light intensity coverage of the defect covers 57.6%% of the total light intensity; in Scheme 5, the light intensity coverage of the defect covers 61.4% of the total light intensity; in Scheme 6, the light intensity coverage of the defect covers 81.28% of the total light intensity. The results show that the effect of laser conditioning is related to the light intensity range on the defect, the number of spot irradiation and the highest light intensity irradiation on the defect. Because of the distance of spot movement during the single step conditioning process is reduced. The probability of irradiation with the same energy density is reduced. Therefore, the coverage of the light intensity on the defect and the coverage of the higher light intensity are increased, which is closer to the effect of R-on-1 laser conditioning. Therefore, the effect of single step conditioning is better than that of multi-step conditioning under the same laser conditioning efficiency. Compared with the four step conditioning, the six step conditioning has no significant increase in the range of light intensity. However, due to the increase of the number of spot irradiation, the laser conditioning effect was improved obviously. In scheme 6, both defect coverage intensity and high intensity irradiation times or the coverage of the higher light intensity compared to the previous five options are greatly improved, therefore, the maximum damage threshold of conditioned film reached 181% E 0 . The experimental results show that the effect of laser conditioning is related to the coverage of light intensity. Therefore, in order to improve the efficiency of laser conditioning, the coverage of the light intensity on the defect should be as wide as possible, and the irradiation of light intensity should be as high as possible.
Discussion on the Mechanism of Laser Conditioning
Although there is still no uniform understanding of the laser conditioning mechanism, it is generally believed that the laser conditioning effect is related to the defect removal in the film. In the experiment, we can clearly observe the peak signal attenuation on the conditioned defect by using photothermal microscopy [13] . A similar plasma flash was observed in our experiments. The surface of the thin film appeared some small pits whose diameter of 10 -20 μm after plasma flash, which cannot be expanded under the continuous or higher energy density laser irradiation. This is a more obvious defect removal morphology, as shown in Figure 10 .
Another plasma flash phenomenon was also observed when the sample is irradiated by a lower subthreshold laser. This kind of flash is produced when the laser energy increases gradually, and with the increase of the laser energy, the number, frequency and intensity of the flash increase. It is worth noting that some parts of the surface of the film appear flash in low energy laser irradiation, but the flash will no longer happen when under the higher energy laser irradiation until the damage occurs. The results show that this kind of flash occurring on the surface of film is beneficial to the improvement of the damage threshold of the coatings. In our experiment, the laser repetition frequency is 10 Hz, so, there is no temperature accumulation effect on the film surface, that is, only single pulse laser energy can lead to film damage or defect repairing. It can be assumed that there is a certain laser energy density range of E± for each defect repairing. If the laser energy density is within the range of E− ~ E+, the defects can Figure 10 . The type morphology of coatings after flash during laser conditioning process.
be eliminated or repaired or improved in the form of plasma flash. If the laser fluence is less than E−, it will not have any effect on the defect. If the laser fluence is higher than E+, there will be damage or micro damage on the surface of the film, and this damage is irreversible, in subsequent irradiation of the laser pulse, the damage spot will be further expanded, resulting in a catastrophic damage. The defects in the coatings according to their origin can be classified as nodule defects and Hf, Si and O, ect. atoms or ions defects formed in the process of coatings. Because of the low degree of binding of the thin film and nodule defects, it can be removed with a low energy laser in the laser conditioning process, leaving a small pit. This crater has little effect on the surrounding film, so it can withstand higher energy laser irradiation, as shown in Figure 11 . Under the laser irradiation of 60% E 0 -90% E 0 , Hf, Si and O atoms in the coatings react to form ion scattering, and then appear with a certain intensity of plasma flash. After the flash, no change was observed on the surface of the film, but the internal mode of the atomic or ion in the film was changed, as shown in Figure 12 . Therefore, the film after the flash can withstand higher energy density laser irradiation. However, the sub-micron-sized nodule defects in the coatings are more dangerous. Because of these defects are completely surrounded by optical films, and they are well combined with optical films. Therefore, it cannot be removed under a lower laser energy density irradiation. When the laser energy reaches a certain value, the defect will expand, and finally be detonated to break through the film, as shown in Figure 13 . Even if the defect is removed in the laser conditioning process, it will also affect the surrounding film. Under irradiation of the subsequent laser pulse, the film will be further damaged for the adhesion property and the structure variation. If this kind of damage produced in the process of laser conditioning, laser scanning should skip the damaged area. When the laser conditioning is completed, a laser with low energy density is used to repair the damaged area. 
Conclusions
Laser conditioning is an effective method to improve the laser damage threshold of HfO 2 /SiO 2 multilayer films prepared by electron beam evaporation. Analysis of experimental results of laser conditioning for HfO 2 /SiO 2 multilayer high ref-
lective coatings, and it can be seen that the spot moving distance of laser conditioning is not limited to the overlapping of 90% I 0 , but to a reasonable choice according to the characteristics of defects introduced during the coating process.
In this paper, the laser damage threshold of the HfO 2 /SiO 2 multilayer high ref-
lective coatings was improved 81% by two step laser conditioning with the spot overlap of 98.36% I 0 . The experimental results also show that the single step conditioning with the same conditioning efficiency has better effect on improving the laser damage threshold than that of multi-step conditioning. The highest laser energy selected for laser conditioning should be as high as possible, but cannot damage the film, and the general choice is less than 90% E 0 . The mechanism of laser conditioning of optical thin films is discussed. The main mechanism of laser conditioning is the removal of Hf, Si and O ions and the removal of the defects in the films.
The choice of laser conditioning parameters is also affected by the size of defects, and different defect sizes need to adopt different conditioning parameters.
In order to select the appropriate laser conditioning parameters, the defect characteristics of the samples must be analyzed before laser conditioning. The laser scanning mode has a great influence on the laser conditioning efficiency. Therefore, the laser energy, the moving distance of laser spot and the laser scanning mode should be taken into consideration when choosing the laser conditioning parameters.
